BACKGROUND: Functional MRI (fMRI) based on language tasks has been used in presurgical language mapping in patients with lesions in or near putative language areas. However, if patients have difficulty performing the tasks due to neurological deficits, it leads to unreliable or noninterpretable results. In this study, we investigate the feasibility of using a movie-watching fMRI for language mapping. METHODS: A 7-minute movie clip with contrasting speech and nonspeech segments was shown to 22 right-handed healthy subjects. Based on all subjects' language functional regions-of-interest, 6 language response areas were defined, within which a language response model (LRM) was derived by extracting the main temporal activation profile. Using a leave-one-out procedure, individuals' language areas were identified as the areas that expressed highly correlated temporal responses with the LRM derived from an independent group of subjects. RESULTS: Compared with an antonym generation task-based fMRI, the movie-watching fMRI generated language maps with more localized activations in the left frontal language area, larger activations in the left temporoparietal language area, and significant activations in their right-hemisphere homologues. Results of 2 brain tumor patients' movie-watching fMRI using the LRM derived from the healthy subjects indicated its ability to map putative language areas; while their task-based fMRI maps were less robust and noisier. CONCLUSIONS: These results suggest that it is feasible to use this novel "task-free" paradigm as a complementary tool for fMRI language mapping when patients cannot perform the tasks. Its deployment in more neurosurgical patients and validation against gold-standard techniques need further investigation.
Introduction
Over the past 2 decades, functional magnetic resonance imaging (fMRI) for in vivo mapping of language function has revolutionized the study of language. 1, 2 Its clinical application has been focused on mapping individual patients' language areas for neurosurgical planning due to its advantages of noninvasiveness and presurgical availability. 3, 4 Conventional language fMRI identifies individual patients' language areas by comparing blood-oxygen-level dependent (BOLD) signal change while patients perform language tasks versus a control condition. This task-based fMRI has been used to identify language-dominant hemisphere and to localize critical language areas, and generally shown to be concordant with the gold-standard language mapping techniques, ie, intracarotid amytal testing (Wada test) and electrocortical stimulation (ECS). [5] [6] [7] [8] Language tasks for fMRI presurgical mapping include object naming, word generation/categorization, sentence completion, etc.; these are typically implemented as blocked design paradigms. These tasks are relatively demanding for neurosurgical patients to understand and perform. 3 Because the reliability of fMRI results is highly dependent on the task performance, patients who perform poorly due to aphasias or other neurological deficits may fail the task entirely or have inaccurate findings, and thus do not benefit from this useful surgical planning technique. 3, 9 Furthermore, administration of the strictly timed test to patients requires expertise beyond the scope of that available at many MRI centers. 10 In order to overcome the limitations of task-based language fMRI, we have previously investigated resting-state fMRI as a "task-free" paradigm that does not require patients' performance of any task. 11 In this study, we propose another form of "task-free" fMRI paradigm using naturalistic language stimuli, ie, a movie-watching (or natural-viewing) condition, during which patients only need to watch a movie clip in the scanner.
Recently, naturalistic stimuli (passive viewing of movie clips) have been used in fMRI and intracranial electroencephalography experiments to study how our brains operate in the real world. [12] [13] [14] [15] [16] The primary sensory-motor areas, association regions, and prefrontal cortex have been shown to express reliable and selective responses that are highly similar across individuals when they are viewing the same movie clip, based on a model-free intersubject correlation (Inter-SC) analysis. The Inter-SC analysis results of a study using audiovisual narratives as stimuli revealed extensive bilateral inferior frontal and premotor regions, in addition to superior temporal cortex that has been traditionally attributed to speech comprehension. 17 Another study showed highly similar time course responses in the language-related regions of anterior and posterior superior temporal sulcus based on an intrasubject correlation (Intra-SC) analysis when a clip of an action movie was shown repeatedly to the same subject. 18 These results suggest that language regions may respond to the linguistic material of the movie in a temporally similar way both within and across subjects. In addition, Bartels and Zeki correlated human perception ratings of 4 features of an action movie clip (color, face, human body, and language) to the BOLD signal response and found temporally distinct feature-specific brain activities in the spatially and functionally segregated brain regions; specifically, activity in the bilateral Wernicke's area was correlated with the perception of comprehensible language. 19 These studies raise the intriguing possibility that language regions could show distinct activations when subjects watch a movie clip consisting of linguistic material, but to our knowledge no attempt has been made to use this condition for individual subject language mapping.
Building on these findings, we propose a new fMRI paradigm for presurgical mapping of language function in individuals using a movie-watching condition. Our hypothesis is that a new subject's language areas could be identified by finding the brain regions that express similar hemodynamic response to a "language response model" (LRM) of a movie stimulus. The LRM is an experimentally derived time course model based on the language area activities from a group of training subjects while they are watching the same movie clip. Our goal is to develop a language mapping paradigm that is less demanding than the task-based language fMRI, requiring no explicit responses from patients. In addition, naturalistic language stimuli may be more effective to activate the extensive neural substrates for natural language processing, 20,21 which may not be completely revealed using traditional language tasks with isolated and controlled conditions. In this study, we acquired movie-watching fMRI from 22 right-handed healthy subjects who also performed conventional task-based language fMRI. We assessed a strategy of mapping an individual subject's language areas based on the LRM derived from an independent set of subjects using a leave-one-out procedure. Results in healthy subjects and 2 brain tumor patients indicated that this novel movie-watching paradigm could identify individual subjects' language areas, and thus could be used as a complementary approach for presurgical language mapping.
Materials and Methods Subjects
Twenty-two healthy subjects (11 males, mean age = 26.3 years, range: 19-39 years) with no history of neurological, cognitive, or psychiatric disorders, nor any speech, hearing, or vision deficits were enrolled in this study. All subjects were right-handed based on the Edinburgh Handiness Inventory score (80 ± 20 [mean ± SD]). 22 All subjects were native English speakers. The Partners Institutional Review Board approved the study protocol; and all subjects provided written informed consent.
Image Acquisition
MR images were obtained using a 3.0 Tesla GE Signa system (General Electric, Milwaukee, WI, USA). BOLD functional images were acquired using single-shot gradient-echo echoplanar imaging (EPI) and a standard quadrature head coil (TR/ TE = 2,000/40 ms, flip angle = 90°, slice gap = 0 mm, FOV = 25.6 cm, in-plane resolution = 128 × 128, 27 axial slices, ascending interleaved sequence, voxel size = 2 × 2 × 4 mm 3 ). Whole brain T1-weighted axial 3D spoiled gradient recalled (SPGR) structural images were acquired using array spatial sensitivity encoding technique (ie, parallel imaging) and an 8-channel head coil (TR/TE = 7.8/3.0 ms, flip angle = 20°, in-plane resolution = 512 × 512, 176 slices, voxel size = 0.5 × 0.5 × 1 mm 3 ).
Behavioral Paradigm
All subjects underwent a movie-watching and a task-based language fMRI during 1 scanning session. The order of the 2 functional runs was counterbalanced across subjects. The movie stimulus was a 7-minute clip from a family film "The Parent Trap" (directed by Nancy Meyers, produced by The Meyers/Shyer Company and Walt Disney Pictures, 1998). The movie is about 2 identical twins, separated at birth and each raised by one of their biological parents, who decide to switch places after discovering each other for the first time at a summer camp. In the clip, one of the twins, Annie, first meets her father who is unaware of the switch. The clip consisted of 7 speech segments of dialogue between Annie, her father, and the butler (various durations, range: 5-119 second, total length: 5 minute 54 second), interleaved with 6 nonspeech segments of indoor and outdoor scenes (duration range: 4-25 second, total length: 1 minute 6 second). Screen shots of 3 main speech segments and 2 nonspeech segments are shown in Figure 3A .
Subjects were instructed to remain still and alert while watching and listening to the movie clip. These instructions were provided prior to the scanning session, and again through the MRI headphones right before the movie-watching scan was acquired. A researcher also spoke to the subject right after the scanning to assure that the subject could both see and hear the movie and remained alert during the scanning.
The task-based language fMRI was a 7-minute blocked design fMRI. 11, 23 This paradigm consisted of seven 20-second antonym generation (AG) task blocks (5 words per block, each word presented for 2 second with an interstimulus interval of 2 second) during which subjects were asked to verbalize the antonym of the presented word stimulus with minimal movement of their head, jaw, or lips. This paradigm also consisted of seven 20-second case categorization (CC) high-level control blocks (5 orthographically irregular letter strings per block) during which subjects were asked to indicate whether the presented letter string was composed of upper or lower cases. The AG and CC blocks were interleaved with fourteen 10-second blocks of fixation condition.
Dummy scans of 10 second (black screen) were shown at the beginning of each functional run and were excluded from the analysis to allow stabilization of the BOLD signal. The stimulus paradigm was implemented using EPrime software (Psychology Software Tools, Inc., Sharpsburg, PA, USA; http://www.pstnet.com/eprime.cfm,version1.1.4.1). The visual and auditory stimuli were presented through MR-compatible video goggles and headphones, respectively (Nordic NeuroLab Inc., Milwaukee, WI, USA). (A) Generation of an example subject's language fROIs. The intersection of the subject's thresholded GLM t-map from the task-based fMRI and ReHo z-map from the movie-watching fMRI is masked by 11 language functional partitions to generate the language fROIs. The partitions included 9 left-hemispheric masks: (1) IFGorb: orbital inferior frontal gyrus, (2) IFG: inferior frontal gyrus, (3) MFG: middle frontal gyrus, (4) SFG: superior frontal gyrus, (5) AntTemp: anterior temporal gyrus, (6) MidAntTemp: middle anterior temporal gyrus, (7) MidPostTemp: middle posterior temporal gyrus, (8) PostTemp: posterior temporal gyrus, and (9) AngG: angular gyrus; and 2 right-hemispheric masks: (10) right MidAntTemp, and (11) right MidPostTemp. For this example subject, the language fROIs were located within 7 partitions (left IFGorb, IFG, MFG, SFG, MidPostTemp, PostTemp, and right MidPostTemp). (B) Brain renderings showing the number of subjects who showed language fROIs within the 11 language functional partitions (range: 4-22 subjects). The 6 partitions (3 in the left frontal lobe: IFGorb, IFG, MFG, and 3 in the left temporal lobe: MidPostTemp, PostTemp, AngG) within which more than half (ࣙ11) of the subjects showed language fROIs were defined as the "language response regions" (LRRs, highlighted with black borders).
Data Preprocessing
The functional data were preprocessed using Statistical Parametric Mapping software (SPM8, Wellcome Department of Cognitive Neurology, London, UK, http://www.fil.ion.ucl. ac.uk/spm). Preprocessing procedures included rigid body motion correction by realigning the images to the first image of the functional run, spatial normalization to the Montreal Neurological Institute (MNI) space based on the EPI template (resampled to 3 × 3 × 3 mm 3 voxel size), and spatial smoothing using a 6 mm full-width half-maximum Gaussian kernel. Note that for the movie-watching fMRI data used for calculating regional homogeneity (ReHo) and building the time course model, bandpass filtering (0.01-0.1 Hz) was performed on the unsmoothed data to remove slow drift and reduce physiological and physical noise, while preserving the spatial resolution.
Head motion of all subjects was within acceptable parameters (any direction of translations was less than 2.5 mm, and any rotation was less than 2.5 degrees). Head motion was also estimated using framewise displacement (FD) which is a scalar quantity that uses all 6 realignment parameters and represents instantaneous head motion. 24 The mean FD of the time series of the movie-watching fMRI was 0.18 ± 0.08 mm across all subjects, and that of the task-based fMRI was 0.21 ± 0.08 mm across all subjects, indicating that the head motion was within acceptable range (ie, less than 0.5 mm). 24 
Defining Language Response Regions (LRRs) for Extraction of Language Area Time Course Response to the Movie Stimulus
In order to extract the language area time course response to the movie stimulus, language functional regions-of-interest (fROIs) were defined for each subject. Figure 1A shows the procedure of generating the fROIs for an example subject, visualized using Caret software (http://www.nitrc.org/ projects/caret/) 25 and the human population-average, landmark-and surface-based (PALS)-B12 atlas (http://sumsdb. wustl.edu/sums/humanpalsmore.do). 26 First, a statistical t-map was derived from the task-based language fMRI based on the first-level single-subject general linear model (GLM) analysis 27 using SPM8. Boxcar reference functions of the "AG," "CC" and fixation conditions were convolved with the canonical hemodynamic response function (HRF) to construct regressors for GLM. High-pass filtering with a cutoff of 128 second and an autoregressive model of the first level (AR (1)) were applied during parameter estimation. The statistical t-map of the contrast "AG" versus "CC" was thresholded by an individually determined value (half of the mean t-value of the top 5% positive t-values of the map, modified from Voyvodic (2006)). 28 Second, a ReHo map that showed the local signal similarity 29 was derived from the movie-watching fMRI using the advanced edition of Data Processing Assistant for Resting-State fMRI software (DPARSFA, http://rfmri.org/DPARSF). 30 ReHo was calculated using Kendall's coefficient of concordance (KCC, 31 ) that measured the similarity of the ranked time courses of a given voxel with its nearest 26 neighboring voxels. The ReHo map was scaled to z-score map, and thresholded at z ࣙ 1. Third, the intersection image of each subject's task-based GLM t-map and movie-watching ReHo z-map was generated, resulting in brain regions that were activated during the language task as well as expressed coherent activities with their surrounding voxels during the movie-watching condition. Finally, 11 language functional partitions defined in the MNI space (http://web.mit. edu/evelina9/www/funcloc/funcloc_parcels.html) 32 were used as masks on the above intersection images to constrain the resulting fROIs to be within these high-level linguistic regions. These partitions were derived from a probabilistic overlap map of individual activations for the sentences versus nonwords contrast in an independent group of subjects. 32 The 11 partitions included 9 left-hemispheric masks and 2 right-hemispheric masks (see Fig 1A caption ). For the temporal cortex masks, the primary and secondary auditory cortices (ie, Heschl's gyrus, Brodmann areas 41, 42, and 22) were excluded to avoid inclusion of auditory response from the proximate auditory areas. Figure 1B shows the number of subjects who showed language fROIs within each of the 11 language functional partitions. We defined 6 LRRs (highlighted with black borders) as the partitions within which more than half (ࣙ11) of the subjects showed language fROIs. All LRRs were in the left hemisphere, including orbital inferior frontal gyrus (IFGorb), inferior frontal gyrus (IFG), middle frontal gyrus (MFG), middle posterior temporal gyrus (MidPostTemp), posterior temporal gyrus (PostTemp), and angular gyrus (AngG). Figure 2A shows the pair-wise correlation coefficients among the mean time course of the fROIs' activation clusters across all subjects in the LRRs.
Building Language Response Model (LRM) for the Movie-Watching fMRI
The hemodynamic LRM was built from a group of subjects' movie-watching data, based on the time course response of individuals' fROIs in the 6 LRRs. First, for each LRR, a grand mean time course was calculated by averaging the mean time course of all subjects' fROIs in the LRR. Figure 2B shows the grand mean time course and 95% confidence interval of all subjects' activation clusters in each LRR. Then, a principal component analysis (PCA) was applied to all LRRs' grand mean time courses to extract the overall temporal profile of the language area response to the movie stimulus. The correlation matrix of the grand mean time courses and the principal components (PCs) is shown in Figure 2C . The first PC retained 60.11% of the signal variance and was highly correlated with 5 LRRs' grand mean time courses (correlation coefficient r = 0.801 ± 0.125 [mean ± SD]), except for AngG (r = 0.065). Because the first PC represented the main temporal profile of the language area response, it was defined as the LRM for the movie-watching fMRI ( Fig 3A shows the overlay of the LRRs' grand mean time courses and the first PC). Figure 3A also plots the convolution of the speech segment boxcar with the canonical HRF (dotted line), which was moderately correlated with the LRM (r = 0.426). This correlation suggests that the main temporal profile of the language area response was selective to the linguistic material of the movie clip.
We then assessed this model building strategy using all 22 subjects' data in a leave-one-out fashion. For each test subject, an LRM was derived from the remaining 21 subjects using the procedure described above, and then used as a linear regressor for the first-level GLM analysis on the test subject's moviewatching fMRI. A t-test was applied to the regression coefficients to test their significance, in order to identify the areas that showed highly similar time course response to the LRM. The resulting language map was evaluated using the subject's task-based fMRI map as a reference. This testing was repeated 22 times, using each subject as the test subject.
Applying the Movie-Watching fMRI in Brain Tumor Patients using LRM Derived from Healthy Subjects
Two female right-handed brain tumor patients also participated in this study and provided written informed consent. Patient #1 (P1) was 54 years old with a recurrent metastatic adenocarcinoma in the left temporal lobe (size = 10.17 cm 3 ). Patient #2 (P2) was 37 years old with a recurrent astrocytoma (grade II) in the left frontal lobe (size = 6.30 cm 3 ). For the 2 patients, multiple modalities of structural images were acquired. For P1, the gadolinium-enhanced T1-weighted fluid-attenuated inversion recovery image was used for overlaying the resulting functional maps (TR/TE = 14,000/86 ms, flip angle = 90°, in-plane resolution = 448 × 512, voxel size = 0.5 × 0.5 × 1 mm 3 ). For P2, the gadolinium-enhanced T1-weighted axial 3D SPGR images were used (TR/TE = 25/6 ms, flip angle = 40°, in-plane resolution = 256 × 256, voxel size = 1 × 1 × 1.4 mm 3 ).
The LRM to the movie stimulus derived from all healthy subjects was tested in the 2 patients, by applying it as a linear analyses of the movie-watching (red) and task-based (blue) fMRI, and the overlapping areas (pink) were superimposed on the structural images of a template brain. All maps are in neurological convention (the left side of the image is the left side of the brain), and thresholded at P < 0.001 (uncorrected) level. regressor in the first-level GLM analysis on each patient's movie-watching fMRI data.
Results
The 22 LRMs resulting from the leave-one-out procedure are plotted in Figure 3B ; pair-wise correlation coefficient among them was 0.979 ± 0.014 (mean ± SD). Figure 4 shows 5 example subjects' first-level GLM analysis results of the moviewatching (red) and task-based (blue) fMRI, and the overlapping areas (pink). All maps are thresholded at P < 0.001 (uncorrected) level. The movie-watching maps showed predominant activations in the putative language areas in the left frontal and temporoparietal cortices, as well as some activations in their right-hemisphere homologues. In comparison, the task-based maps focused primarily in the left frontal regions, with only small activations in the temporoparietal regions. Among the 22 subjects, 16 (73%) showed activations in all of the 11 language functional partitions during the movie-watching condition. For the remaining 6 subjects, activations were found in the combined left frontal region (IFGorb, IFG, and MFG) and the combined left temporoparietal region (MidPostTemp, PostTemp, and AngG). These results suggested that the movie-watching fMRI was able to identify individuals' language areas in all subjects, although high variability existed in the locations of language network. Figure 5 shows the results of second-level group randomeffects analyses (1-sample t-test) separately performed for the movie-watching (red) and task-based (blue) fMRI (thresholded at P < 0.001, uncorrected), and the overlapping areas (purple). Table 1 lists the activation clusters of the group t-maps, including cluster size, brain region, Brodmann area, and the MNI coordinate and t-value of the peak voxel. Based on the size of the activation clusters, the movie-watching fMRI showed robust and localized activations in the left frontal and temporoparietal language areas and the supplementary motor area (SMA). The right-hemisphere homologues of the traditional language regions and the right subcortical regions (thalamus and putamen) were also identified. Among the overall activated voxels, only 4.8% voxels were within the primary or secondary auditory cortices, indicating that the majority of temporal cortex activations were not attributable to auditory processing. The task-based language fMRI showed more extensive activations in the left frontal language area and bilateral SMA, but only fair activations in the left temporoparietal language regions. It also showed activations in the left sub-cortical regions (thalamus and putamen) and the right IFG. Figure 6 shows the results of the 2 brain tumor patients' fMRI analyses. In general, the functional map of the task-based fMRI showed more suprathreshold voxels than that of the movie-watching fMRI, however, some of the activations represented nonlanguage cortical areas (such as visual cortex), or noise signals inside the ventricles. Patient P1 had mild word finding difficulty pre-and postoperatively; the movie-watching fMRI identified activations in putative language areas in the left frontal and temporal cortices, as well as the right temporal homologues. Compared with the task-based fMRI, the moviewatching fMRI more robustly identified activations in Broca's area, with the activation locations of the 2 paradigms only partially overlapped. Similar to P1, patient P2's movie-watching fMRI identified activations in the left frontal and temporal language areas, and the right temporal homologues. P2 had normal language function pre-and postoperatively, therefore, the activations within the cavity of the previous surgery shown in the map of the task-based fMRI (highlighted with yellow circle) were most likely false positives.
Discussion
In current clinical settings, a major obstacle exists for the broad application of fMRI for language mapping: the test results are unreliable or unobtainable when patients have language or other neurological deficits that prevent them from performing the tasks satisfactorily, because task-based fMRI depends on strictly timed administration of language tasks and requires adequate performance from patients. To overcome this obstacle, we proposed a new paradigm using a movie-watching condition, during which subjects passively watched a movie clip consisting of contrasting speech and nonspeech segments. We developed and assessed an analytical strategy to map individual subjects' language areas using the movie-watching fMRI, based on a time course model derived from an independent set of subjects. Results in a group of healthy subjects and 2 brain tumor patients indicated that the movie-watching paradigm was able to activate and identify individual subjects' language areas, supporting the feasibility of using this novel paradigm as a complementary approach in language mapping when patients have difficulties in performing language tasks.
Although other passive comprehension language tasks, such as story reading or listening, have been used for language mapping, such tasks are usually implemented as blocked design requiring precise timing and strictly complementary control conditions (such as dots patterns or nonword strings for reading task, and beep or reversed speech for listening task). 32, 33 Similar to the conventional active language tasks, these passive tasks are also difficult and challenging for neurosurgical patients. In contrast, a movie-watching condition is less demanding than the blocked design paradigms, and the naturalistic language stimuli embedded in movie clips are more engaging than simple visual or audio stimuli. Therefore, this novel movie-watching fMRI is potentially more suitable for a wider range of clinical populations.
Analytical Strategy for the Movie-Watching fMRI
Unlike the conventional task-based fMRI where the task boxcar can be used to build the regression model for a GLM analysis, modeling of the language area response is not straightforward for the movie-watching fMRI. We developed a data-driven approach for deriving a time course model of the hemodynamic response based on the language fROIs' activation profiles from a group of subjects. A regression analysis was performed to identify a new subject's language areas by finding the brain areas that expressed highly similar temporal profiles to the model. The rationale for this strategy is based on the findings that: (1) the activity time courses of the putative language areas were highly similar across a group of subjects when they were watching the same movie clip consisting of linguistic material, 17 and (2) functionally specialized brain areas indicated unique activity time courses and can be segregated from each other under natural-viewing condition. 19 Specifically, using a hypothesisdriven approach based on human perception of a movie's language feature, Bartels and Zeki were able to reveal bilateral Wernicke's areas, and the results did not depend on the precise nature of the language stimuli used. 19 Furthermore, we hypothesize that even in patients with lesions in or near putative language areas where normal anatomy may be distorted, the large-scale temporal profile of the language area response will be preserved. Therefore, this strategy based on temporal similarity is potentially more suitable than that based on spatial similarity for patients with structural brain lesions.
In this study, the results of time course analysis indicated that putative language areas were functionally connected under the movie-watching condition. Although large signal variability was found among the activation clusters within each LRR (Fig 2A) , 5 of the 6 LRRs showed highly correlated grand mean time courses (pair-wise r [mean ± SD] = 0.579 ± 0.144), except for AngG (mean r between AngG and the other 5 LRRs was 0.117; Fig 2C) . The lower correlation of AngG with other LRRs is consistent with the findings in Blank et al. 34 These results supported the feasibility of deriving a language time course model by extracting the main temporal profile of the activation clusters within these functionally connected LRRs. The group GLM t-maps are thresholded at P < 0.001 (uncorrected, df = 21) level. Clusters consisting of more than 20 voxels are reported. L = left hemisphere; R = right hemisphere; B = bilateral.
Defining Individual Subjects' Language fROIs and Group-Level LRRs
Language network is far more complex than the traditional large-module theories that are composed primarily of Broca's and Wernicke's areas in the left frontal and temporoparietal regions, and is highly variable across subjects. 1 Therefore, we generated language fROIs for each subject by finding the voxels that satisfied the following criteria: (1) were significantly activated during the task-based language fMRI, (2) responded similarly with its neighboring voxels during the movie-watching condition, and (3) were within a set of language functional partitions 32 defined in the standard space which can be considered as structural ROIs in this study. For the movie-watching fMRI, we adopted a ReHo technique that measures the functional coherence of a given voxel with its nearest neighbors in a 3D domain (26 voxels). 29 A voxel-wise ReHo map showing each voxel's KCC value quantifies the similarity between the time course of the voxel with those of its nearest neighbors. ReHo has been applied to investigate alteration of resting-state functional connectivity patterns of brain diseases, such as Alzheimer's disease 35 and Parkinson's disease. 36 In this study, we extended the usefulness of ReHo to aid the identification of locally functionally connected regions, based on the hypothesis that neighboring voxels of a functional brain area synchronize their activities under the movie-watching condition. Building upon the individual subjects' language fROIs, we defined 6 group-level LRRs by choosing the functional partitions where more than half of the subjects in the group showed fROIs, to only include brain regions where most subjects showed language-related activations when deriving the time course model. It should be emphasized that the task-based language fMRI was used as a localizer fMRI for functionally defining language ROIs. In the leave-one-out procedure, the test subject's data were analyzed based on the time course model independently derived from the remaining subjects, without depending on the subject's task-based fMRI. Therefore, when applied to clinical language mapping, this movie-watching paradigm will not be dependent on patients' task-based language fMRI.
Language Areas Identified from the Movie-Watching fMRI
Results of group GLM analysis on the movie-watching fMRI revealed activations that were localized in the putative Broca's area in the left IFG as well as its right-hemisphere homologues. For the temporal cortex activations, in addition to the putative Wernicke's area in the left posterior superior temporal gyrus, bilateral activations were revealed in the middle temporal gyrus that extended dorsoanteriorly to the superior temporal gyrus. This bilateral activation pattern in the temporal cortex is consistent with the framework that has been proposed for speech comprehension. 37, 38 In contrast, the task-based language fMRI revealed extensive activations that spread all over the left IFG, with only small activations in the left middle and inferior temporal gyri. This difference in the activation pattern is due to the fundamental difference between the 2 paradigms. The language task of AG with vocalized response involves word decoding, selection, and overt articulation, and is able to activate Broca's area 39 and SMA. 40 Compared with this Comparison of the movie-watching and task-based fMRI results in 2 brain tumor patients. Results of 2 brain tumor patients' firstlevel GLM analyses of the movie-watching (red) and task-based (blue) fMRI were superimposed on their structural images. All maps are in neurological convention (the left side of the image is the left side of the brain), and thresholded at P < 0.001 (uncorrected) level. word-level language task, comprehending the dialogue of the movie clip involves processing of many aspects of natural language relevant to novel, contextual, and emotional meaning, and thus involves more extensive brain regions than the well-known left frontal and temporoparietal language areas. [41] [42] [43] Studies have found bilateral activation pattern and emphasized substantial and unique contribution of the right hemisphere in natural language processing. 1, 20 According to the framework of natural language comprehension proposed by Jung-Beeman, 20 the left hemisphere performs rapid interpretation and tight links, while the right hemisphere serves relatively coarser function of maintaining broader meaning and recognizing distant relations of conversation. For example, analyzing spoken sentences as a whole drove right hemisphere activations predominantly located in the temporal lobe. 44 It has also been suggested that decoding a conversation involves the left hemisphere language areas that process semantic association and serial information, as well as the right hemisphere homologues that integrate semantic information into the context to monitor and maintain the conversation topic. 21, 45 Subcortical activation of the movie-watching fMRI was in the right thalamus and basal ganglia (putamen and pallidum), while that of the task-based fMRI was in the left thalamus and basal ganglia (putamen and caudate nucleus). The thalamus and basal ganglia have been hypothesized to play a role in the control and adaptation of corticocortical connectivity, and support for the composition of cortically provided information, respectively. 46 The corticothalamic language processing network in the left hemisphere 47, 48 has recently been supported by structural connectivity analyses among Broca's area, basal ganglia, and thalamus using diffusion-weighted imaging fiber tracking technique. 49, 50 To date, there has been a lack of neuroimaging studies focusing on subcortical involvement during natural language processing. Based on the results of the movie-watching fMRI, we hypothesize that the right thalamus and basal ganglia are involved in monitoring and supporting corticocortical activities of the right hemisphere language regions during natural language processing. This hypothesis and the lack of involvement of the left subcortical areas during natural language processing need further investigation.
Clinical Relevance
The patients' results further supported the feasibility of using this novel movie-watching paradigm in language mapping in patients with occupying lesions. In clinical practice, for neurosurgical patients who have language deficits, such as aphasia, they will be asked to simply watch this movie clip without performing any tasks. We suggest that the patients answer a survey after the scan to confirm that they could follow the movie content and understand the conversations. As shown in this study, the LRM derived from the healthy subjects will be used as a regressor in the conventional GLM analysis on the patient's data to map the language areas.
Another noninvasive functional mapping technique, magnetoencephalography (MEG), has also been used to map language areas. 51 Unlike fMRI that indirectly reflects neural activity through changes in blood flow, MEG measures the stimulationevoked postsynaptic activity of the cerebral cortex. Both techniques have advantages and limitations, therefore, multimodal analysis combining fMRI and MEG has reported to enhance the reliability of noninvasive mapping of eloquent cortex. 51 This movie-watching paradigm could also be adopted in MEG acquisition, when the patient has difficulty with the conventional task performance, to take advantage of this easy, task-free and less timing-intensive paradigm. An optimized analysis approach would be needed to analyze the movie-evoked response of the MEG acquisition.
Limitations
One limitation of this study was the lack of behavioral response data during the movie-watching condition, which made it difficult to evaluate subjects' attentional level and what cognitive operations were in effect responding to the rich stimuli of the movie clip. This may explain some of the variability in the activation time course across subjects. Studies have used questionnaire or survey to evaluate attentional level and comprehension of movie content. 14, 17 One dilemma is that the lack of overt response during scanning is definitional of our approach to be used in patient populations because the goal is to make fMRI language mapping easier for neurosurgical patients, particularly for the patients who cannot make overt responses due to language deficits (such as aphasia). In the clinical implementation of this movie-watching paradigm, although patients may not be evaluated for their engagement, the LRM used for data analysis should be derived from an independent group of healthy and attentive subjects.
In this study, our clinical AG task-based fMRI was used as a reference for assessing the performance of the movie-watching fMRI in mapping individuals' language areas. Although the resulting language maps of the 2 paradigms were partially overlapped, the movie-watching fMRI was able to identify putative language areas in the frontal and temporoparietal cortices in individual subject level. An inherent limitation of fMRI for its application in presurgical brain mapping exists for both paradigms. Because fMRI is an activation technique, the moviewatching paradigm with naturalistic language stimuli may activate many participating components of the language network (such as the "domain-general regions" defined in 52 ), thus the resulting language map may not specifically show the critical language areas that neurosurgeons want to preserve during surgery. Therefore, future work is needed to assess and compare the 2 paradigms by validating the identified areas against the clinical gold-standard ECS technique. From the data analysis perspective, characterization of the critical language areas' temporal profile was achieved by extraction of the overall time course response from individuals' language fROIs in this study. Further refinement of this time course model or application of multivariate approaches (such as independent component analysis 53 and multivoxel pattern analysis 54 ) may be investigated to improve the specificity of the resulting language map from the movie-watching fMRI.
Conclusions
We report the development of a new fMRI paradigm for mapping individual subjects' language areas by using a moviewatching condition and a corresponding LRM. Our results in healthy subjects as well as 2 brain tumor patients suggest that this easy-to-perform and "task-free" paradigm was able to identify putative language areas in individual subjects. This novel paradigm can be used as a complementary approach for neurosurgical patients who cannot perform the conventional task-based language fMRI, thus expand the clinical populations for fMRI language mapping. In addition, the rich naturalistic language stimuli provide an ecologically valid condition to activate complex language network. Future study of this paradigm should focus on optimization of the analytical approach, deployment in more neurosurgical patients who may have language deficits and space occupying lesions, and validation against clinical gold-standard language mapping techniques.
